Purpose. The human apical sodium-dependent bile acid transporter (hASBT) is a potential target for drug delivery, but an understanding of hASBT substrate requirements is lacking. The objective of this study was to characterize hASBT interaction with its native substrates, bile acids, and to evaluate C-24 conjugation and steroidal hydroxylation on transport affinity and inhibition potency. Methods. Transport and inhibition kinetics of 15 bile acids were evaluated (cholate, chenodeoxycholate, deoxycholate, ursodeoxycholate, and lithocholate, including their glycine and taurine conjugates) with an hASBTYMadin-Darby canine kidney (MDCK) monolayer assay. Samples were analyzed via liquid chromatographyYmass spectrometry (LC-MS) or chromatographyYmass spectrometryYmass spectrometry (LC-MS-MS).
INTRODUCTION
The human ileal bile acid transporter, also known as human apical sodium-dependent bile acid transporter (hASBT, SLC10A2), is a key component in the enterohepatic recirculation of bile acids as well as a target for enhanced oral drug absorption (1, 2) . Structural information on hASBT has been restricted to its primary sequence and membrane topology (3) . In the absence of a high-resolution crystal structure for hASBT, little is known about the interaction of hASBT with its substrates. As a result, the substrate requirements for hASBT are not well developed.
Lack (4) first described a structureYtransport relationship for intestinal bile acid transport using the rat everted sac model. These and subsequent observations were based on isolated tissue and organ preparations from animals, where bile acid transport was confounded with other intestinal and hepatic transporters. Evaluation of the literature shows lack of agreement across studies from different research groups regarding hASBT substrate requirements, which seems to reflect the lack of a preferred assay system (5Y7). Additionally, native bile acids lack a chromophore, yielding analytical challenges (e.g., lack of sensitivity).
The general lack of information about hASBT substrate requirements has impeded efforts toward rational prodrug design targeting hASBT (8) . Toward this end, a stably transfected hASBTYMDCK monolayer assay was recently developed to evaluate hASBT-mediated transport of solutes (9) . Additionally, methods have been developed to avoid bias in kinetic estimates (e.g., K i , K t ) due to system hydrodynamics (10) . These methods are applied here to characterize hASBT interaction with its native substrates, bile acids, including an evaluation of C-24 conjugation and steroidal hydroxylation pattern on transport affinity and inhibition potency.
Native bile acids are the physiological substrates for hASBT and therefore represent an important set of compounds to probe hASBT substrate requirements. Native bile acids vary in steroidal hydroxylation pattern and C-24 conjugation pattern. Figure 1 illustrates the general structure of native bile acids and highlights R1, R2, R3, and R4. Table I  describes 15 native bile acids and their differences in  hydroxylation (R1, R2 , and R3) and C-24 conjugation (R4).
The overall goal of this study was to systematically evaluate the interaction of native bile acids with hASBT and identify chemical features of bile acids that promote interaction with hASBT. Three major objectives are pursued in this study. The first objective was to evaluate the effect of steroidal hydroxylation pattern and C-24 conjugation on the inhibition potency of native bile acids (i.e., K i ). The second objective was to investigate the effect of steroidal hydroxylation and C-24 conjugation on hASBT-mediated transport kinetics (i.e., K t and J max ). Bile acid structure requirements for hASBT inhibition may differ from requirements for hASBT-mediated transport. Consequently, the third objective was to compare hASBT-inhibition potency vs. kinetic parameters of hASBT-mediated transport.
METHODS

Materials
Geneticin, fetal bovine serum, trypsin, and Dulbecco's modified Eagle's medium (DMEM) were purchased from Invitrogen Corporation (Carlsbad, CA, USA 
Cell Culture
Stably transfected hASBTYMDCK cells were cultured as described previously (9) . Briefly, cells were grown at 37-C, 90% relative humidity, and 5% CO 2 atmosphere and fed every 2 days. The medium was DMEM supplemented with 10% fetal bovine serum, 50 U/mL penicillin, and 50 mg/mL Fig. 1 . Structure of native bile acids. Bile acids differ in hydroxylation pattern (R1, R2, and R3, as indicated by circles) and in amino acid conjugation pattern at C-24 position (R4, as indicated by the square). Substituent at R-4 is either a free carboxylic acid or conjugate of glycine or taurine. streptomycin. Geneticin was used at 1 mg/mL to maintain selection pressure. Cells were passaged every 4 days or after reaching 90% confluence.
Transport across hASBT Monolayers
Transport studies were performed to yield kinetic data that relate to the binding and subsequent translocation across the membrane. hASBTYMDCK cells were grown on polyester Transwells (0.4-mm pore size, 1 cm 2 , Corning, Corning, NY, USA), as described earlier (9) . Briefly, cells were seeded at a density of 0.75 million cells/cm 2 on polyester Transwells and grown under conditions described above. Cells were washed thrice with Hank's balanced salt solution (HBSS) or modified HBSS prior to transport study, and studies were carried out at 37-C at 100 rpm with an orbital shaker. Transport buffer consisted of either HBSS, which contains 137 mM NaCl, or a sodium-free, modified HBSS where sodium chloride was replaced with 137 mM tetraethylammonium chloride. Because bile acid transport is sodium dependent, studies using sodiumfree buffer allowed for the measurement of passive transport of bile acids.
Kinetics of hASBT-mediated transport was assessed from transport studies conducted at different donor concentrations of each native bile acid. In all studies, [ 14 C]mannitol was used to monitor monolayer integrity in parallel wells. Mannitol permeability was always less than 2.5 Â 10 j6 cm/s in each individual well. The apical and basolateral volumes were 0.5 and 1.5 mL, respectively. Samples were quantified using LCYMS or LCYMSYMS, and liquid scintillation counter as described later.
To confirm the absence of organic anion transporting polypeptide (OATP)-mediated transport across hASBTY MDCK cells, taurocholate (TCA) transport was measured in the absence and presence of the OATP substrate bromosulfalein (BSP). No differences were observed in TCA transport in the presence and absence of 100 mM BSP (data not shown).
Inhibition Studies
hASBTYMDCK cells were seeded at a density of 1.5 million cells/well in 12-well plates (Corning) and induced with 10 mM sodium butyrate for 12Y15 h at 37-C prior to study on day 4. Kinetics of hASBT-mediated TCA uptake was assessed from uptake studies (n = 3) at differing donor concentrations (1Y200 mM spiked with [ 3 H]TCA) (9) . Studies were performed by using HBSS with 10 mM HEPES (pH 6.8) at 37-C and 50 rpm for 10 min. The donor solution was removed and the cells were washed three times with chilled sodium-free buffer. Cells were lysed with 0.25 mL of 1 N NaOH and neutralized with 0.25 mL of 1 N HCl. Cell lysate was then counted for associated radioactivity by using a liquid scintillation counter (Beckman Instruments; Fullerton, CA, USA).
To characterize hASBT binding requirements, cisinhibition studies of TCA uptake were carried out by using individual native bile acids at various concentrations (0 Y100 mM). Cells were exposed to donor solution containing TCA and inhibitor for 10 min. The donor solution was removed and the cells were washed three times with chilled sodium-free buffer. Cells were lysed and the lysate was counted for associated radioactivity, as described above. Inhibition data were analyzed in terms of inhibition constant K i , as described below.
Analytical Methods
Bile acids were analyzed by means of LCYMSYMS on an Agilent HPLC system, equipped with an autosampler (CTC Analytics, Zwingen, Switzerland) and a Sciex API4000-Qtrap mass spectrometer (Applied Biosystems, Foster City, CA, USA). The column was a Phenomenex Luna C18 (50 Â 2 mm, 3 mm; Phenomenex, Torrance, CA, USA) heated to 40-C. The flow rate was 0.7 mL/min, and the mobile phase contained a gradient of 1Y80% acetonitrile in ammonium acetate (pH 6.8). Detection was achieved under negative or positive ion electrospray tandem mass spectrometry using [MYH] j peak for all the native bile acids, as the [MYH] j peak provided the greatest sensitivity. Radiolabeled bile acids and mannitol were quantified by using a Beckman liquid scintillation counter model LS 5801 (Beckman Instruments; Fullerton, CA), in Econosafe scintillation cocktail.
Kinetic Analysis
Flux data were analyzed as described earlier (10) . Briefly, flux data were fitted to a previously developed modified MichelisYMenten model that takes into account aqueous boundary layer (ABL) resistance [Eq. (1)]. Data from sodium-free studies were fitted to a passive transport model [Eq. (2)].
where J is TCA flux, J max and K t are the Michaelis<Menten constants for hASBT-mediated transport, S is TCA (i.e., substrate) concentration, P p is the passive TCA permeability coefficient, and P ABL is the ABL permeability. In Eqs. (1) and (2), P ABL was 70 Â 10 j6 cm/s (10). Equations (1) and (2) were applied simultaneously to with sodium and sodium-free flux data to estimate K t , J max , and P p . A pooled data analysis approach was used to model flux data from multiple studies. The pooled approach entailed fitting Eqs. (1) and (2) to flux data pooled from multiple experiments, to yield a single K t estimate across multiple studies; J max and P p were unique for each study.
Taurocholate flux was measured in each study to serve as a normalizing approach to account for variation in hASBT expression levels between studies. Taurocholate J max ranged between 0.000065 to 0.001 nmol s j1 cm j2 across studies. hASBT expression levels can be expected to directly affect J max estimates. To correct for variation in hASBT expression levels across studies, J max of each bile acid was normalized against TCA J max from the same study, yielding a normalized J max for the bile acid of interest. Normalized J max that exceed a value of 1 indicate J max exceeded the J max of TCA. Normalized J max less than 1 indicate that J max was lower than TCA J max .
The following competitive inhibition model was applied to cis inhibition studies of TCA uptake by individual bile acids:
where I is the concentration of inhibitor (i.e., inhibitory bile acid) and S is the concentration of TCA (i.e., 0.5 or 5 mM). In applying Eq. (3), only K i was estimated. The other three parameters (i.e., J max , K t , and P p ) were estimated from TCA uptake studies without inhibitor using Eqs. (1) and (2).
Statistical Analysis
Nonlinear curve fitting was performed by using WinNonlin 4.1 (Pharsight, Mountain View, CA, USA). Results were analyzed by Student's t test and ANOVA. A p value of less than 0.05 was considered significant. SEM of a ratio was calculated by using the delta method (11) .
RESULTS
Inhibition Studies
Each bile acid inhibited TCA uptake into hASBTY MDCK in a concentration-dependent fashion. For example, Fig. 2 illustrates the inhibition profile of tauroursodeoxycholate (TUDCA). Similar profiles were observed for all other native bile acids. Glycine and taurine conjugates of lithocholate exhibited the greatest inhibitory potency with K i estimates of about 0.5 mM. Ursodeoxycholate (UDCA) and cholate (CA) were the least potent compounds with K i estimates of approximately 20 mM. Table II lists the K i values for the unconjugated, glycine conjugate, and taurine conjugate of five parent bile acids. These five parent bile acids differ in steroidal hydroxylation pattern, although each possesses a C-3 a-OH. Cholate is a trihydroxy bile acid. UDCA, deoxycholate (DCA), and chenodeoxycholate (CDCA) are dihydroxy bile acids. Lithocholate is a monohydroxy bile acid.
For each parent bile acid, glycine or taurine conjugation at C-24 enhanced inhibition potency (i.e., lowered K i ). For CA, glycine and taurine conjugation resulted in a 2-and 3-fold enhancement in inhibitory potency, respectively. Similarly, for the dihydroxy bile acids CDCA and DCA, glycine and taurine conjugates enhanced potency 2-fold. UDCA exhibited the greatest sensitivity to conjugation, with glycine and taurine conjugates providing 7-and 22-fold enhancement in inhibition potency, respectively. Conjugates of lithocholate exhibited 4-fold greater inhibition potency than unconjugated lithocholate. In general, glycine and taurine enhanced inhibitory potency of parent bile acids to similar extents.
Inhibitory potency generally exhibited an inverse relationship with number of hydroxyl groups, with the dihydroxy and monohydroxy bile acids exhibiting greater potency than trihydroxy bile acids. Across unconjugated bile acids, CDCA and lithocholate exhibited the greatest inhibitory potency with K i value of 2 mM. CA and UDCA exhibited the lowest inhibitory potency with K i values of 17 and 22 mM, respectively. The dihydroxy bile acids DCA, CDCA, and UDCA differed with respect to the location and orientation of the second hydroxyl group (Table I) . Among these three dihydroxy bile acids, CDCA exhibited the greatest potency (K i = 2 mM). Its C-7 "-OH epimer, UDCA, yielded a K i of 22 mM. DCA exhibited a modestly lower potency (K i = 8 mM) and possesses the second hydroxyl group at C-12. Steroidal hydroxylation pattern also influenced C-24 conjugated bile acids and mirrored the effect observed in unconjugated bile acids. Among conjugates, monohydroxy bile acids exhibited the greatest potency, followed by dihydroxy and trihydroxy bile acids. Glycine and taurine conjugates of lithocholate exhibited the greatest potency with K i estimates of about 0.5 mM. The dihydroxy bile acid conjugates generally exhibited potency that were within about 3-fold of each other (i.e., between 1 and 3 mM). In general, steroidal hydroxylation effects in conjugated bile acids were less prominent compared to their effects in unconjugated bile acids. This pattern indicates that C-24 conjugation dominated hydroxylation effects in determining inhibitory potency. This pattern is most evident for UDCA (K i = 22 mM), where taurine conjugation enhances potency 22-fold (K i = 0.82 mM).
Transport Studies
Each of the 15 native bile acids can be expected to exhibit hASBT-mediated transport. For example, Fig. 3 illustrates the concentration-dependent transport of glycodeoxycholate (GDCA) across hASBTYMDCK monolayers. GDCA transport was mediated largely by hASBT, with an approximately 20-fold greater flux from sodium-containing studies than from sodium-free studies. Similar profiles were obtained for all conjugated bile acids and CA, such that 11 of the 15 bile acids exhibited significant hASBT-mediated transport. The unconjugated forms of the three dihydroxy bile acids and the monohydroxy bile acid lithocholate did not show apparent hASBT-mediated transport, perhaps due to their high passive permeability (12) . Table III lists the transport parameters of five parent bile acids and their glycine and taurine conjugates. Kinetic parameters include normalized J max , K t , and P p . K t represents the Michaelis<Menten parameter for hASBT. Normalized J max is J max , relative to TCA J max . For example, a normalized J max of 2.0 indicates a J max that is 2-fold the TCA J max . P p refers to passive permeability. In Table III , unconjugated dihydroxy and monohydroxy bile acids exhibited high passive permeability, which seems to mask hASBTmediated flux. Hence, K t and J max were not measurable for these four bile acids. Figure 4 illustrates the effect of C-24 conjugation on hASBT-mediated transport of CA, which was the only unconjugated bile acid to exhibit measurable hASBT-mediated transport. In Fig. 4A , glycine and taurine conjugation generally enhanced affinity (i.e., lowered K t ). Taurocholate exhibited the greatest affinity with K t = 4.39 mM, which is approximately 3.5-fold lower than unconjugated CA (K t = 15.1 mM). This trend is qualitatively similar to inhibition data (Table II) . In Fig. 4B , conjugation did not impact J max in a consistent fashion relative to unconjugated CA, although J max was generally higher for conjugates.
Across the various bile acids, affinities of glycine conjugates were generally the same as the affinities of taurine conjugates, except for CA conjugates. Hence, although C-24 conjugation enhanced affinity, neither conjugate was more effective. Normalized J max estimates were essentially the same across both glycine and taurine conjugates. , conjugation at C-24 improved the affinity relative to cholic acid, with taurine conjugates exhibiting the greatest affinity. This conjugation effect was similar to inhibition results (Fig. 3) . In (B), C-24 conjugation had no patterned effect on J max . Each point is the mean T SEM of at least three measurements. Comparison of K i and K t estimates for native bile acids. Qualitatively, most bile acids yielded K i and K t values that were similar to one another (i.e., within 5-fold similar). Four bile acids yielded K i and K t estimates that differed by more than 5-fold, although were within 20-fold of each other. Taurolithocholate (TLCA) and tauroursodeoxycholate (TUDCA) yielded K i values that were over 5-fold more potent than K t . Meanwhile, taurochenodeoxycholate (TCDCA) and glycolithocholate (GLCA) yielded K t values that were over 5-fold more potent than K i . Each point is the mean T SEM of at least three measurements. CA, cholate; GCA, glycocholate; GCDCA, glycochenodeoxycholate; GDCA, glycodeoxycholate; GUDCA, glycoursodeoxycholate; TCA, taurocholate; TDCA, taurodeoxycholate.
In comparing the effects of steroidal hydroxylation pattern, an inverse relationship was observed between transport affinity (K t ) and the number of steroidal hydroxyl groups (Table III) . Dihydroxy and monohydroxy bile acids generally exhibited greater affinity than trihydroxy bile acids. Conjugates of dihydroxy bile acids DCA and CDCA exhibited very high affinity, with K t estimates less than 1 mM. Similarly, glycine conjugate of lithocholate also exhibited high affinity with K t less than 1 mM. UDCA conjugates exhibited a 10-fold poorer affinity than its epimer CDCA, indicating the C-7 b-OH is less favorable than the C-7 a-OH. Normalized J max exhibited a modest inverse association with the number of steroidal hydroxyl groups. Cholate conjugates showed normalized J max values of about 1.0, whereas normalized J max of the dihydroxy and monohydroxy bile acids exhibited normalized J max about over 4-fold higher. In summary, dihydroxy and monohydroxy conjugates exhibited both greater affinity and higher J max compared to trihydroxy conjugates.
Comparison of Inhibition Kinetics vs. Transport Kinetics
hASBT inhibition requirements can be expected to differ from hASBT-mediated transport requirements. For example, a compound may be a better inhibitor than substrate. Figure 5 compares inhibitory potency (K i ) against transport affinity (K t ) for each bile acid. Overall, all bile acids were potent inhibitors (K i ranging from about 0.5 to 15 mM) and potent substrates (K t ranging from about 0.1 to about 15 mM). Qualitatively, most bile acids yielded K i and K t values that were similar to one another (i.e., within 5-fold). Two bile acids were more potent as inhibitors than as substrates (i.e., K i lower than K t ). These two bile acids were taurolithocholate (TLCA) and TUDCA and fall below the line of unity in Fig. 5 . Each is a taurine conjugate with an a-OH at only the C-3 position. Meanwhile, taurochenodeoxycholate (TCDCA) and glycolithocholate (GLCA) exhibited K t values that were more than 5-fold lower than K i estimates (i.e., points above the line of unity in Fig. 5 ). Both TCDCA and GLCA exhibited K i less than 1.0 mM and also exhibited K t less than 1.0 mM; hence, there was qualitative agreement between K i and K t values for TCDCA and GLCA. Figure 6 compares normalized J max to inhibitory potency. There was an inverse association between K i and normalized J max , indicating that among the studied native bile acids, potent inhibitors generally exhibit a greater J max .
DISCUSSION
The scope of the present study was to characterize hASBT-mediated transport and inhibition characteristics of native bile acids. Current understanding of hASBT substrate requirements is based on studies prior to the cloning of human ASBT and did not lead to a unified model. These studies suffered from various limitations including confounding effects of hepatic transporters and unstirred water layer effects (6) . Recent studies have employed cell-based models, included hASBT transfected systems, to delineate hASBT substrate requirements (13Y17). Craddock et al. (13) developed the hASBTYCOS system and characterized several bile acids. Glycodihydroxy bile acids exhibited the greatest transport affinity for hASBT, in apparent contrast to the prevailing hypothesis that trihydroxy bile acids are best transported (4). Using Caco-2 monolayers, Swaan et al. (17, 18) examined the transport of several C-24 bile acidYpeptide conjugates and concluded that the C-24 side chain could be at least 14 Å in length and still allow for translocation; large hydrophobic moieties increased binding to hASBT. Cholic acid exhibited a greater affinity (i.e., lower K t ) than TCA (15) , in contrast to results from Dawson et al. (13) . The inconsistency of results across studies has led to a poor understanding of the substrate requirements for hASBT, even after the cloning of hASBT. Furthermore, no study has attempted to systematically characterize the interaction of native bile acids with hASBT via both inhibition studies and transport studies. Higher capacity (i.e., J max ) was associated with greater inhibitory potency. Each point is the mean T SEM of at least three measurements.
